ABSTRACT: One of the biggest challenges in managing cold water streams in the Midwest is understanding how stream temperature is controlled by the complex interactions among meteorologic processes, channel geometry, and ground water inflow. Inflow of cold ground water, shade provided by riparian vegetation, and channel width are the most important factors controlling summer stream temperatures. A simple screening model was used to quantitatively evaluate the importance of these factors and guide management decisions. The model uses an analytical solution to the heat transport equation to predict steady-state temperature throughout a stream reach. The model matches field data from four streams in southwestern Wisconsin quite well (typically within 1˚C) and helps explain the observed warming and cooling trends along each stream reach. The distribution of ground water inflow throughout a stream reach has an important influence on stream temperature, and springs are especially effective at providing thermal refuge for fish. Although simple, this model provides insight into the importance of ground water and the impact different management strategies, such as planting trees to increase shade, may have on summer stream temperature. (KEY TERMS: stream temperature; modeling; watershed management; ground water hydrology; meteorology/climatology; surface water hydrology.)
INTRODUCTION

Importance
One of the most difficult challenges in managing cold water stream fisheries is understanding the controls of summer water temperature. Water temperature affects physiological processes and the distribution of aquatic species, and it limits productivity and the rates of important biochemical processes (Dunne and Leopold, 1978; Diana 1995) . The distribution of brook trout (Salvelinus fontinalis) and brown trout (Salmo trutta) in Midwestern streams is typically limited by stream temperature (Becker, 1983) . It is widely recognized that streams in this region are cooled by inflows of cold ground water (Becker, 1983; Bowlby and Roff, 1986; Meisner et al., 1988; Field and Graczyk, 1990; Meisner, 1990; McRae and Edwards, 1994; Poff and Allan, 1995; Younus et al., 2000; Poole and Berman, 2001 ). However, shade from streamside vegetation, stream channel geometry, and weather conditions also have an important impact on stream temperature (Younus et al., 2000; Poole and Berman, 2001; Blann et al., 2001) . A lack of understanding of the details of how these factors control summer water temperature in small Midwestern streams makes habitat management decisions difficult.
It is widely accepted that springs and other areas of concentrated ground water discharge create cold refuges for fish during the summer. Field surveys of small streams in the Sierra Nevada Mountains (Constantz, 1998) and Wisconsin (McRae and Edwards, 1994) have shown a correspondence between high rates of ground water discharge and cold summer stream temperature. However, little quantitative information is available about how the spatial distribution of ground water inflow affects stream temperature. Many previous studies have focused on heat transport in reservoirs and large rivers, where ground water discharge is likely to be very small compared to stream flow and have little impact on surface water temperature (Delay and Seaders, 1966; Sinokrot and Stefan, 1993; Lowney, 2000; Andradottir and Nepf, 2000a,b) . Younus et al. (2000) demonstrated the importance of ground water discharge through simulations of daily and hourly variations in the temperature of a small Indiana stream, but they did not investigate the impact of spatial variations in ground water discharge within a stream reach.
Objectives and Scope
The goals of this study were to evaluate the key controls over the summer temperature of small streams in southwestern Wisconsin, including the impact of the rate and distribution of ground water inflow, and to test a practical model to guide watershed management decisions. Because most watershed managers lack the necessary time, resources, and expertise to use highly sophisticated models developed for research applications, a simple model requiring easily obtainable data was used.
The approach involved applying a mathematical model of heat transport to several streams and collecting field data to verify its accuracy. The method of the Stream Network Temperature Model (SNTEMP) (Theuer et al., 1984) , a model for simulating complex networks of streams, was adapted to a spreadsheet program designed to simulate complex distributions of ground water discharge and shade along a single stream reach. Many watershed management applications can be addressed using SSTEMP (Bartholow, 2002) , a simplified version of SNTEMP that simulates temperature in a stream segment with uniform conditions (available from the U.S. Geological Survey). The model was used to predict mean stream temperature during the hottest seven consecutive days of the summer, which is widely considered to be a critical period for cold water fish. However, the model is not limited to this approach and can be used to predict temperature during any period of interest. Although the model does not predict daily maximum temperature, understanding the controls over mean temperature provides insight into the behavior of maximum temperature. With adjustment of the model input parameters, it can be applied to similar streams in other geographic areas and to different times of year.
Physical Setting
This study focused on four streams in the unglaciated "Driftless Area" of southwestern Wisconsin: Warner Branch, Warner Creek, Joos Creek, and Eagle Creek (Figure 1 ). These watersheds have well developed stream networks that cut 100 meters or more into approximately horizontal layers of dolomite and sandstone. Streamflow in this region is generated primarily by shallow ground water flow systems supplied by nearby recharge areas (Gaffield et al., 1998; Young, 1992; Zaporozec and Cotter, 1985) . Ground water inflow to streams is concentrated at springs in some locations and occurs as diffuse seepage in others, depending on the character of the underlying bedrock.
The Driftless Area has a high concentration of cold water streams that support both brook trout (Salvelinus fontinalis) and brown trout (Salmo trutta) and have long been valued for recreational fishing (Becker, 1983) . Agricultural development, beginning in about 1850, severely impacted streams by increasing soil erosion, runoff, and peak flows (Johnson, 1976) , resulting in decreased ground water recharge and base flow (Potter, 1991) . Consequently, the trout fishery was dramatically reduced by the middle of the 1900s (Scott and Hoveland, 1951) . Although the watershed is still dominated by agriculture, these trends have reversed over the past few decades (Kent, 1999; Trimble and Lund, 1982) , probably due to improvements in land management practices (Sampson, 1981; Potter, 1991) . Today, many Driftless Area watersheds provide suitable habitat for trout, and maintaining and improving the quality of the fishery is an important management objective.
MODEL DESCRIPTION
The model simulates spatial temperature variations at the stream reach scale following the approach of Theuer et al. (1984) , and it evaluates the competing effects of atmospheric interactions and ground water inflow. It represents steady-state conditions, so it approximates mean water temperature and applies to dry weather periods when stream flow is nearly constant. The model simulates downstream flow in one dimension, relying on the assumption that streams are well mixed, with no transverse or vertical gradients in temperature (i.e., it ignores diffusion and mechanical dispersion). This assumption is valid for small streams that are dominated by downstream advective transport, such as the ones in this study (Chapra, 1997; Gaffield 2000) .
Atmospheric impacts on water temperature are represented in the model by the simple equilibrium temperature approximation. The net energy flux, S n (W/m 2 ), to the stream is written
The equilibrium temperature, T eq (˚C), is the theoretical temperature that the water would reach under constant meteorologic and geomorphic conditions and with no ground water discharge. The constant, H (m/s), describes the rate at which the stream temperature, T (˚C), approaches the equilibrium temperature, ρ is the density of water (kg/m 3 ), and c p is the specific heat of water (J/kg/˚C). T eq and H were estimated for the hottest seven-day period in 1999 using the method described by Theurer et al. (1984) , using field measurements of solar radiation and air temperature and standard approximations for evaporation, convection, long wave radiation, and streambed conduction. Details are included in the Appendix. Both T eq and H depend on the fraction of the stream surface shaded by vegetation (Table 1) .
Ground water inflow rates were estimated based on measurements of stream flow at different stream locations. Streamflow was assumed to increase linearly between measurement locations, which is reasonable for closely spaced measurements (such as every 1,000 m, or less in the headwaters). (1) Stream temperature, T (˚C), is computed using the heat transport Equation (3) (e.g., Chapra ,1997; Fischer et al., 1979) for constant ground water temperature, T gw (˚C), and stream channel width, W (m). The left side of the equation describes downstream transport, and the right side represents ground water inflow and meteorologic interactions. The analytical solution for Equation (3) has the form where and T 0 is the upstream water temperature (˚C).
For a stream with constant discharge (b = 0), Equation (4) is undefined. The solution for this case is found by taking the limit of Equation (4) as b approaches zero.
In practice, it is unlikely that a stream reach will have no net gain or loss of ground water; however, Equation (6) is useful to illustrate theoretical relationships. In this study, temperature was calculated at 50 m intervals along the length of the stream reaches.
MODEL CALIBRATION AND VERIFICATION
Data Collection
Electronic thermographs placed at several locations in each stream recorded water temperature every 30 minutes from May to September 1999 (Figure 1) . These data showed that the seven consecutive days with the warmest water temperatures occurred from July 24 to 30. Then, the corresponding seven-day mean temperatures were calculated for each thermograph location. The assumption that water in the channel was well mixed was then tested by monitoring for vertical and horizontal temperature variations at one channel cross section (WC1.5). The spatial variation in temperature measured by four thermographs placed at different depths and horizontal positions was approximately 0.5˚C, which is nearly the same as the precision of the thermographs (0.4˚C). Measurements with a hand-held thermometer at several arbitrarily chosen locations also failed to detect lateral or vertical variations.
Water temperature was monitored at several springs to determine the mean ground water temperature during the study period. Although ground water at depths of 10 to 20 m typically has a stable temperature of 1 to 2˚C above the local mean annual air temperature, the temperature of very shallow ground water can vary substantially during a year (Domenico and Schwartz, 1990) .
Meteorologic conditions during the hottest seven days were determined through a combination of field measurements and data from nearby weather stations. Solar radiation and air temperature were monitored at 30-minute intervals at one location in the Warner Branch watershed and a second location in the Eagle Creek watershed. Other meteorologic data, including dew point temperature, wind speed, cloud cover, and atmospheric pressure were obtained from National Weather Service stations in LaCrosse and Madison, Wisconsin.
Ground water inflow rates to the streams were determined indirectly by measuring stream flow at each thermograph location ( Figure 1 ). Measurement dates during dry periods were chosen to ensure that ground water inflow was the only source of water in the streams. The discharge of each stream was measured twice during spring and summer 1999, with each survey completed in one day to minimize variability caused by changes in stream flow during the survey period. Flow measurement dates for three of the surveys were at least five days after the most recent high flow event recorded by nearby stream gages. The spring date for Joos and Eagle Creeks was two days after a small high flow event. Discharge was measured with Price "mini" current meters using the standard wading technique of the U. S. Geological Survey (Buchanan and Somers, 1969) .
Because no direct measurements of streamflow were done during the period from July 24 to 30 when the mean seven-day water temperature was calculated, streamflow was estimated using an indexing method (Potter, 2001; Potter and Gaffield, 2001) . For each of the survey sites, the ratio of the measured flow to the concurrent flow at a nearby continuous stream gaging station was computed. This ratio was multiplied by the flow at the gaging station between July 24 and 30 to estimate flow at each of the sites 
during this period. Warner Branch and Warner Creek were indexed with the Kickapoo River gaging station at LaFarge, Wisconsin, and the gaging station on the Hay River at Wheeler, Wisconsin, was used to index Joos and Eagle Creeks (Figure 1 ). The lack of precision in these base flow estimates may lead to some errors in the simulated temperatures; however, the index method is effective for identifying spatial trends in ground water inflow to Driftless Area streams (Potter and Gaffield, 2001) , which is the primary focus of this study. Riparian vegetation was described qualitatively, identifying stream reaches with fairly homogeneous vegetation cover separated by major transitions in vegetation. Field observations were supplemented with analysis of aerial photographs. Descriptive categories included forest, open woodland, wooded buffer, ungrazed grass, and grazed grass.
Model Setup
Because the model assumes that the stream width, shade, and ground water inflow rate are constant, it was necessary to divide each stream reach that was modeled into several subreaches with approximately uniform conditions. The boundaries between subreaches were defined to coincide with the locations of base flow measurements and major changes in riparian vegetation. Field data from the thermograph located farthest upstream were used to define the input temperature, T 0 , for the first subreach. The temperature simulated at the downstream end of each subreach was used as the input temperature for the next subreach downstream. This discretization of subreaches resulted in artificially abrupt changes in conditions from one subreach to another, and this should be kept in mind when interpreting the results.
Model Calibration
Data from Warner Branch and Joos Creek were used to fine tune the model to match late summer conditions. In a model calibration process, input parameters that are not known with certainty are adjusted within reasonable ranges to produce the "best fit" between the simulated and observed values. The calibration procedure was used to determine values for the shade provided by each vegetation type because, unlike base flow or meteorologic conditions, there were no accurate measurements or estimates for these values. All other parameters were held constant. Starting with initial guesses of 0.5 for all of the fractional shade values, the shade values were adjusted for each vegetation type by trial and error until the simulated temperatures most closely matched the measured temperatures. It was assumed that shade decreased by vegetation type in the following order: forest, wooded buffer, open woodland or ungrazed grass, and grazed grass.
It was necessary to use data from two streams for the calibration because no single stream had all of the vegetation categories that were described. First, data from Warner Branch were used to determine shade values for every type of vegetation except ungrazed pasture and grass buffers. Then, the shade values were calibrated for these two vegetation categories for Joos Creek ( Table 2 ).
The calibrated model matched the measured sevenday temperatures for Warner Branch and Joos Creek very closely (Figures 2 and 3) . Differences between the simulated and measured temperatures are less than 0.5˚C for Warner Branch (Figure 2a ) and at most, 1.0˚C for Joos Creek (Figure 2b ). Perhaps equally important is the fact that the model reproduces the downstream warming and cooling trends indicated by the data for both streams. The cooling below 2,500 m in Warner Branch appears to be related to an increase in shade, because the ground water inflow rate and stream width here appear to be similar to other parts of the reach. However, high rates of ground water inflow appear to cause the cooling in the headwaters of Joos Creek, where the width and vegetation are fairly uniform.
Model Verification
A calibrated model solution is not necessarily the only one that can provide a satisfactory match to the measured values; other combinations of parameter values may work equally well. To gain confidence that the shade values determined in the calibration process are truly representative of summer conditions for small Driftless Area streams, the calibrated model (Figure 2c ). For Eagle Creek, the modeled temperatures are as much as 3.6˚C too warm in the headwaters, but they are within 1.5˚C of the measured temperatures in the downstream part of the modeled reach (Figure 2d) . The model generally matches the shape of the temperature profile for Eagle Creek, with rapid warming in the headwaters and downstream cooling in the lower half of the reach. This cooling appears to be caused by an increase in ground water inputs, because channel width and riparian vegetation do not change substantially in that area. The model error in the headwaters of Eagle Creek is likely due to insufficient resolution in the measurement of stream base flow; the first two measurements are separated by 2,500 m.
BASIC RELATIONSHIPS
The model is useful for testing the sensitivity of summer stream temperature to changing conditions. One method for illustrating the impact of many The model indicates that stream temperature is very sensitive to changes in channel width and ground water inflow rates (Figure 3 ). For the streams in this study, WH/b varied over approximately two orders of magnitude, presumably due to changes in width and ground water discharge rates. Changing geomorphic conditions over time or with distance downstream can cause stream channel width to change by more than 100 percent (Allmendinger et al., 2000; Johnson, 1976) , and ground water discharge rates also vary widely. By contrast, the heat exchange coefficient, H, varies by only approximately 25 percent between full sun and full shade conditions (Table  1) .
Stream temperature is bounded by the ground water temperature and the equilibrium temperature (Figure 3) . Where the heat flux from meteorologic processes are much greater than for ground water inflow (WH/b is large), the stream temperature approaches the equilibrium temperature. If ground water inflow dominates (WH/b is small), the stream temperature approaches the ground water temperature. The distance required for the temperature to stabilize depends on the size of the stream; the larger the upstream discharge, a, the greater the distance, x, that is required to reach conditions represented by the right side of Figure 3 .
The model also demonstrates the importance of springs. Consider a small stream with uniform shade along its entire length and an upstream discharge of 0.05 m 3 /s that experiences a 50 percent increase in streamflow through a zone of ground water inflow (Figure 4) . The length of this ground water inflow zone has a substantial impact on the amount of cooling that is produced. The lowest water temperatures are generated where all of the ground water inflow is concentrated along a very short length of the stream (e.g., from a spring). This cooling effect is very local, and the stream warms rapidly downstream. If the same ground water inflow is spread uniformly over longer sections of the stream (e.g., as diffuse seepage rather than discharge from a spring), the water temperature drops by progressively smaller amounts. Notice, however, diffuse ground water discharge creates the lowest temperature at the downstream end of the reach. This illustrates the tradeoff between diffuse and concentrated ground water inflow. Concentrated inflow produces the most cooling, but its impact does not persist very far downstream; diffuse inflow has a smaller cooling effect but can moderate temperature over longer stream reaches.
MODEL APPLICATION
The model was used to test the sensitivity of the temperature of Joos Creek to changes in shade, channel width, and base flow, factors that are affected by management of the riparian zone and land use throughout the watershed. Brook trout thrive in the upper 1,000 m of the study reach where the water is relatively cold (Figure 2b) , and extending their range farther downstream is a management objective (Wang et al., 2002) .
The model demonstrates that the temperature of Joos Creek is quite sensitive to changes in shade. The temperature difference for simulations of minimum shade (grazed pasture or crops with no riparian buffer) and maximum shade (forest) conditions was approximately 2.8˚C at the downstream end of the reach ( Figure 5 ). Current conditions are very similar to the minimum shade case (Figure 2b) that conversion of the riparian vegetation to forest could result in substantial cooling.
However, changes in stream width that could accompany the addition of trees in the riparian zone have the potential to offset the benefit of the increased shade (Blann et al., 2001) . Forested streams in the northeastern United States are up to 100 percent wider than those with grassy riparian zones (Allmendinger et al., 2000) . This may be caused by increased streambank erosion where trees fall, deflecting current laterally and dislodging soil in the root zone. Qualitative field observations in the study area suggest that this may also be the case in the Midwest (Lyons et al., 2000) .
The potential impact of increases in stream channel width was assessed by simulating forested conditions along the entire length of Joos Creek for three different channel conditions: current width and increases in width of 50 percent and 100 percent (Figure 6) . A 50 percent increase in width negated the benefit of the addition of trees in the upper 1,700 m, although the temperature at the downstream end of the reach was more than 1˚C cooler than for current conditions. When the width was doubled, the headwater temperature was approximately 1˚C greater than for current conditions, with no change in the downstream temperature. As shown in Figure 3 , increases in width result in rapid warming in headwater reaches. However, shaded conditions lead to a lower equilibrium temperature (Table 1) , and the stream stabilizes at a lower temperature farther downstream. This suggests that the benefit of converting streamside vegetation to trees increases with distance downstream.
Stream temperature is also sensitive to variations in base flow that may be caused by changes in climate or ground water recharge. Since the 1930s, seven-day low flows in this region have varied by as much as 50 percent of the present value (Gaffield, 2000) . The impact of such changes in flow was simulated by changing the base flow input to the model by a uniform percentage along the length of the stream reach. The magnitude of the temperature impact is similar to that caused by changes in shade and stream width ( Figure 7 ). Notice that temperature is more sensitive to decreases than increases in base flow. This underscores the importance of maintaining ground water recharge in these watersheds.
SUMMARY AND CONCLUSIONS
This adaptation of the SNTEMP model (Theuer et al., 1984) provides a simple tool to predict cold water stream temperature given complex patterns of ground water input, riparian shade, and channel width along the length of the stream. Stream temperature was demonstrated to be highly sensitive to the distribution of ground water input, which is controlled by climate, geology, and watershed land use. Springs are particularly important for providing thermal refuges for fish in extreme weather conditions. Riparian vegetation is also critical in maintaining stream temperature by providing shade and influencing channel morphology. For spring-fed streams, the model can predict how far downstream temperatures suitable for trout can be maintained under different management scenarios for watershed land use and riparian vegetation.
When applying the model, it is important to bear in mind its limitations. First, the model predicts daily mean temperature for the warmest period of summer, and the shade values used here are not appropriate for other seasons or for larger rivers. Vegetation type influences the amount of shading, and the amount of shade provided by any particular vegetation type decreases with stream width (Blann et al., 2001) . When applying the model to different vegetation types, sizes of streams, or seasons, the shading and meteorological parameters need to be recalculated following the procedure in the Appendix. Second, assigning a single shade value to each vegetation type introduces some uncertainty by ignoring variability in shade within each vegetation category. The standard deviation of shade measurements for different types of riparian vegetation in southeastern Minnesota ranged from 5.8 percent to 21.7 percent (Blann et al., 2001) . Figure 5 provides an indication of the sensitivity of the model to variations in shade. Last, this model does not simulate processes that have an important impact on stream temperature in other geomorphic settings, such as exchange of water in the hyporheic zone (Poole and Berman, 2001 ). Hyporheic exchange is unlikely to be significant in the study streams; minipiezometers installed in the streambed and computer simulations of ground water flow both indicate strong upwelling of ground water throughout the length of the channel (Gaffield et al., 1998) .
In spite of these limitations, the model illustrates the importance of ground water in controlling the summer temperature of small Midwestern streams. Managing land use to maintain ground water recharge and stream base flow is important for maintaining suitable temperatures in cold water streams. Although there is a need for better understanding of the complex processes controlling stream temperature, models can provide useful information to improve watershed management decisions.
APPENDIX A ESTIMATION OF METEOROLOGICAL PARAMETERS
To apply this model to a stream outside the Driftless Area or a different time period, it may be necessary to estimate new values for the parameters that represent meteorologic conditions, Teq and H. Because these parameters depend on the degree of shading, new parameter values must be computed for each shade value used in the model.
Estimates for these parameters are based upon the energy budget of the stream. The net energy flux, S n (W/m 2 ), between the stream and its environment is a function of water temperature, T (˚C, and can be written S n (T) = S s + S a + S v + S w + S c + S e + S b where S s is the short wave solar radiation, S a is the atmospheric long wave radiation, S v is the vegetative 
long wave radiation, S w is the long wave radiation emitted by the water, S c is the convection in the air, S e is the evaporation, and S b is the streambed conduction. Each of these energy budget components was estimated with the approximations used in the Stream Network Temperature Model (SNTEMP) developed by Theurer et al. (1984) . Chapra (1997) presented similar approximations.
Solar Radiation
Short wave solar radiation reaching the stream is reduced by the fraction of sky blocked by shade, s, and the amount reflected by the water surface. The albedo of water, α s (dimensionless), represents the fraction of radiation that is reflected by the water surface, and had an assumed typical value of 0.06. The solar radiation flux received by the stream, S s in W/m 2 , is (Theurer et al., 1984) S s = (1 -s) (1 -α s )R Solar radiation flux, R (W/m 2 ), was measured with pyronometers located in areas with full sun exposure. However, it is possible to estimate R based on geographic location and time of year (Theurer et al., 1984) .
Atmospheric Long Wave Radiation
The atmosphere emits radiation at a lower frequency (longer wavelength) than solar radiation, because it is much cooler than the sun. For long wave reflectivity, α L (dimensionless and assumed to be 0.03), atmospheric vapor pressure, e (mb), fractional cloud cover, m c , air temperature, T a (˚C), and Stefan-Boltzmann constant, σ (5.67x10 -8 W/m 2 /C 4 ), the long wave radiation flux received by the stream can be approximated by (Theurer et al., 1984) S a = (1 -s) (1 -α L ) 10.03 (0.53 + 0.065 e 0.5 )
(1 + 0.4 m c ) σ (T a + 273.16) 4
Vegetative Long Wave Radiation
The stream also receives long wave radiation from vegetation, with the flux depending on the fraction of sky covered by vegetation, and its temperature and emissivity, ε v (dimensionless). The temperature of the vegetation was assumed to be the same as the air temperature. The vegetative radiation flux can be approximated by (Theurer et al., 1984) S v = s ε v σ (T a + 273.16) 4 
Long Wave Radiation Emitted by Stream
The water in the stream loses energy through longwave radiation that it emits at a rate depending on its temperature. For water with emissivity, ε w (dimensionless), and temperature, T (˚C), this flux is approximately (Theurer et al., 1984) S w = ε w σ (T + 273.16) 4
Convection
Convective heat transfer between the air and the stream surface is a turbulent process depending on wind speed, v w (m/s), atmospheric pressure, P a (mb), and the difference between the air and water temperatures. The convective heat flux is approximately (Theurer et al., 1984) S c = (0.00375 + 0.0014 v w ) P a (T a -T)
Evaporation
The heat flux from evaporation at the stream surface depends on several meteorologic parameters and is difficult to estimate accurately. The following approximation was used for wind speed, v w , and relative humidity, R h (Theurer et al., 1984) S e = (40 + 15v w ) (R h 1.064 T a -1.064 T )
Streambed Conduction
The conductive heat flux between the streambed and water depends on the difference between the water temperature and the equilibrium soil temperature. At shallow depths, the soil temperature fluctuates with air temperature. As depth increases, these fluctuations are damped, and the soil temperature approaches equilibrium with the average air temperature. The depth, z (m), at which this occurs was estimated using the method described by Campbell and Norman (1997) 
with equilibrium temperature, T s (˚C), and thermal conductivity, K T (W/m/˚C), the conductive flux through the streambed is
Parameter Estimation
The equilibrium temperature, T eq , is the temperature for which the net flux is zero. After substituting Equations (A2) through (A8) into Equation (A1), T eq is estimated by trial and error. This is most efficiently performed in a computer program, such as a spreadsheet that has an equation solving function.
Inspection of Equation (1) reveals that H can be found by taking the first derivative of Equation (A1) evaluated at T eq .
After substituting the expressions for heat flux components into Equation (A1), differentiating, and evaluating the derivative at T eq , the result can be substituted into Equation (A9) to determine the value for H. JAWRA 
